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placed in a thermal gradient and their selected tempera-
tures were continuously recorded for· 24 hours. A second 
group of turtles was acclimatized to 7.5-ll.0°C and natural 
photoperiods for 28 days, and subsequently tested in the 
same manner as the first group. Lastly, the turtles in the 
first group, after being acclimated to 3.0°C and the pre-
vious artificial photoperiod for 14 days, were retested in 
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Initial respons~s of all groups were characterized by 
a rapid selection of warm temperatures. Within 14 hours of 
initial gradient .exposure the mean selected temperature of 
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31 and 33°C. 
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lated to a variety of biological factors. However, in th~ 
light of present knowledge about the effects of temperature 
on pH and ventila,tion in this species, the r~,?ul ts of this 
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endum may be related to acid-base parameters. 
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I. INTRODUCTION 
Recognition that all but slight changes in body tem-
perature may result in large deviation from normal physio-
logical status is of fundamental importance in understanding 
homeostasis of systemic chemistry in most endothermic 
vertebrates. Except for thermolabile mammals (monotremes 
and edentates) and heterothermic endotherms any such 
slight change in body temperature may subject an endotherm 
to a serious, and potentially irreversible, physiological 
imbalance. When confronted with unfavorable extremes in the 
external thermal environment an endotherm may avoid physio-
logical harm through behavioral and physiological means. 
Thus, the ·metabolism of endothermic vertebrates is relative~. 
ly free of the effects of environmental temperatures (and 
other external influences) since the organism's body is 
maintained at a ~emperature lying within appropriate thermo-
toleran t limits. 
Poikilothermic vertebrate metabolism presents an alto-
gether different set of circumstances. The term "cold-
blooded" implies that this type of .animal is directly at the 
mercy of the environment (Schmidt-Nielsen, 1972), and cannot 
rely solely on internal regulation.for accomodation to 
changes in environmental temperatures (Romer, 1962). Hence, 
the statement that "The most basic ·thermoregulatory 
I 
! . 
I : 
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mechanism the behavior of seeking a suitable thermal en-
·vironment - is shared by all vertebrates" (Heller, et al., 
in p~ess). is much more readi~y applicable to poikilotherrns. 
When a ectotherm is s~bjected to large differences in tem-
perature, the animal may either adjust its internal meta-
bolism to operate safely within conditions imp~sed by the 
environment (acclimatization),_ or it may seek a favorable 
alternate envi~onment (behavioral thermoregulation) • 
. Compa:ris~n of the metabolic·processes of warm and 
cold-blooded vertebrates suggests that the common re~~ire­
men~ ~f behavioral thermoregulation is. more subtle t~an ap-
.patent, partjcularly with respect to systemic chemistry, 
which, in both. groups of vertebrates, is a function of both 
respiratory and thermal input. An endotherm subjected to 
bC?dY temperatures outside ·1 ts normal stenothermic, range, 
can be expected to exprience substantial ~hifts in plasma 
,. 
pH and in carbon dioxide tensi9n (Bard, 1968; Lambertsen, 
1968a, 1968b). Simple in vitro inspection of plasma pH and 
plasma Pc~ 2 ~rom ~uch a~ indiv~du~l would likely reveal del-
eteriocis values for these vit~l chemical properties (~ard, 
1968; Severinghaus, 1965). If -initial attempts of behav-
ioral modification fail to maintain normal temperature levels 
. . 
thermal morbidity in such an individual could obviate any 
attempt at further protective behavioral response. On the 
other hand, the obseryed changes in blood chemistry which 
correspond to a concomitant change in body temperature (as . . 
a response to environmental change) in most air-breathing 
ectothermic vertebrates are generally an expression of 
evolutionary adaptation of tolerance to a much broader 
(eurythe!mal) set of environmental temperatures. 
3 
The fact that plasma pH varies inversely with temper-
ature (Robin, 1962; Rahn, 1967; Howell, et al., 1970) is of 
fundamental homeostatic importance to an ectotherm. Pre-· 
servation of a constant relationship between plasma pH and 
pH o~neutrality of water is designed to maintain plasma 
~ 
p~ slightly alkaline to neutrality by sustaining a constant 
ratio of OH- ions to H+ ions (Rahn, 1967; Howell, et al., 
1970). 
The relationship between temperature and plasma pH 
;and between temperature and plasma Pco 2 in the turtle was 
studied by Robin .(1962) after he observed different measure-
men ts of acid- bas.e metabolism in two gro.ups of turtles of 
the same species 1from two substantially different thermal 
environments. Robin's work shows that an increase of body 
temperature resu~ts in an increased plasma Pco 2 and a de-
crease in plasma pH. In vitro blood samples from turtles 
acclimated to different temperatures changed pH .with tempe!-
ature in the ratio ~ pH/~°C = -0.0~6 (Robin, 1962), a value 
later essentially matched by Howell, et al. (1970). In re-
pprting results of his study Robin1also described the in-
verse effect of t~mperature on. gas,solubilities and con-
eluded that 
If the relationship between temperature and car-
bon dioxide tension applies not only to the turtle 
but generally to poikilothermic animals, it may 
well be that the regulation of carbon dioxide ten-
sion and pH within narrow limits is, from the 
evolutionary point of view, a temperature-
dependent function (Robin, 1962). 
4 
Although Robin clearly demonstrated the occurrence of 
a broad pH range in turtles, he did not examine the possible 
operation of optimal thermal levels for ma~ntaini~g systemic 
acid-base metabolism. The present study was undertaken to 
improve understanding of the relationship between thermo-
regulatory adapttve behavior and systemic acid-base homeo-
stasis in North American freshwater turtles. Analysis of 
the behavior of differently acclimated turtles to eury~ 
thermal environmental conditions helped determine a char-
acteristic final thermal preferendum, a value which may be 
~unctionally related to acid-base status in Pseudemys 
saripta eZegans. 
II. MATERIALS AND METHODS 
Twelve red-eared turtles (Pseudemys saripta eZegans) 
were obtained from a commercial biological supply company 
in Louisiana. The turtles, native to that state, ranged in 
weight from 0.330 to 0.510 kg. In the laboratory they were 
divided into two groups; each group member was identified 
by a distinct two-letter code (see Table I) which was per-
manently marked on the individual's plastron and carapace. 
Group I turtles were placed in a large laboratory 
holdi~g tank containing water to a depth of about 6 cm. 
The water temperature varied with the .ambient laboratory 
conditions, with ~n aver~ge range of 18.0 - 20.0°C main-
tained throughout the experimental period. This group was 
subjected to an artificial photoperiod with a twelve-hour 
light phase (between 6:45 AM and 6:45 PM PST). 
Group II animals were placed in a large holding tank 
in an unheated roof. greenhouse, thus permitting exposure to 
a natural photoperiod and much cool.er water temperatures. 
Water temperatures for this .group fell within the range of 
7.5 - ll.0°C, while air temperatures varied betwee~ 0.6 and 
19.4°C, with a mean daily temperature of S.5°C (U. S. Dept. 
of Commerce, 1977). 
Following completion of the Group I trials all Group I 
animals were placed in a cold tank and acclimated for two 
TABLE I 
PHYSICAL CHARACTERISTICS OF EXPERIMENTAL SUBJECTS 
GROUP I TURTLES (18-20°C and artificial Photoperiod 
acclimation) 
Identification Sex Weight, kg 
LZ M 0.396 
ET F 0.477 
EW F 0.488 
HC F 0.327 
AA M 0.332 
RF F 0.477 
GROUP II TURTLES (7.5-ll.0°C and natural photoperiod 
acclimatization) 
SP M 0.468 
DN M 0.333 
JE M 0.384 
+EM F 0.428 
++XX F _Q.507 
FY M 0.362 
~Expired from unknown causes shortly after completing 
gradient trial. 
6 
++Expired from unknown causes shortly after being placed in 
10.3°C portion of gradient (from 9.0°C tank); old age 
suspected factor.· Experimental results exclude all data · 
regarding this subject. 
weeks at 3°C ± 1°C, duri~g which time the Group II turtles 
were run in the. gradient. The cold-acclimated Group I 
animals, thenceforth des~gnated as Group III turtles, were 
then tested for' thermal preferendum. 
7 
All acclimation tanks were pre-treated with tetra-
cycline. The entire experiment took place during the months 
of February and March, 1977. 
Before. g!adient trials b~gan the turtles in both 
. groups were offered food (raw beef liver) about once every 
six days. Group.:! turtles ate voraciously, while those in-
dividuals ~n Group II ate less enthusiastically. 
A s·chemati~ diagram of the thermal. gradient apparatus 
is depicted in Figure 1. Chambers 1, 2, 3, 4, 6, and 7 were 
53 cm lo~g; chamber 5 was 71 cm lo~g; chamber 8 was 44 cm 
lo~g; chamber 9 was 62 cm long.(to allow flexibility of ac-
comodation for additional equipment in future experiments) 
and all chambers were 31.5 cm wide. Water depth was uni-
form at 11 cm. T:he openings between the chambers were 15.5 
cm wide. 
The extreme ends of the gradient, as shown in Figure 
1 show the upper and lower temperature limits, and the 
change of water t:emperature throughout the apparatus was 
approximately linear. The warmest temperature was main-
tained at about 4~°C by controlled immersion heaters. The 
cold extreme in chamber 1 was kept relatively constant at 
9°C by forcing cold tap water through stainless steel coils 
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placed in the cold end of the gradient (after Crawshaw, 
1975a). 
Avoidance of a vertical thermocline thro~ghout the 
various gradient chambers was accomplished by vigorous 
bubbli~g of compressed air, channelled into each chamber 
from separate outlets of the centrally placed manifold, 
thereby reducing thermal stratification to about 1°C. 
I 
9 
Thermal water convection from the end chambers produced the 
intermediate cha'mber temperatures. 
The gradient was exposed to the same artificial photo-
period previously described for Group I acclimatory condi-
tions. The gradient water was cha~ged and treated with 
tetracycline weekly. 
Preliminary trials were run on several individuals 
from Group I to visually observe which general temperatures 
might be preferred, and what appropriate range of tempera-
tures should be created within the,apparatus (Laudien, 
1973). Following 1 one week of several short .orientation 
trials with all G;roup I individuals (except "LZ") ·these 
turtles were left undisturbed and unfed in the 18 - 20°C 
tank for four days. On the fifth 4ay the Group I trials 
were begun, with "LZ" chosen as the first subjecL 
A copper-constantan (36g) thermocouple was typically 
attached to a turtle's carapace in the seams between the 
second and third central laminae, then, running posteriorly, 
between the left (6r r~ght) second - third lateral laminae· 
and the third central lamina, finally terminating in the 
seam between the third and fourth central laminae. The 
10 
thermocouple was secured with a water-resistant contact 
cement, and was connected to a Houston Instrument OmniScribe 
recorder. The recorder was calibrated to the temperatures 
found in the gr~dient,Rwith a mercury thermometer, to 0.1°C 
accuracy. Finally, the animal was placed in the gradient 
chamber representative, as closely as possible, of the ac-
climation temperature. The turtle was then allowed free 
choice of the water temperature .. The temperature at the 
dorsal neural ridge was continuously recorded and will 
henceforth be referred to as the "selected temperature". 
The trials of each. group were conducted for periods· 
of between 20 an~ 24 hours, each run being initiated at 
various times dur:i!lg the light phase of the photoperiod. No 
turtles were fed-while in the gradient, nor were any Group 
III animals fed while undergoing acclimation in the cold 
tank. 
Following the death of one Group II turtle in the 
gradient, the gradient was shut down for two days while be-
ing drained and sanitized. Gr~at care was exercised in the 
cleaning and decontamination .of the gradient's interior and 
exterior surfaces, and a tetracycline solution·was spread 
li·ghtly over the interior surfaces and allowed to air-dry 
before refilli~g the. gradient with ·fresh .water. The clean 
water was allowed to sit unheated for one day and tetra-
11 
cycline was added to it. Finally, the gradient heaters and 
coolers were turned on, and full operation resumed after 
allowi~g 12 hours for the thermal_ gradient to develop. 
I I I. RESULTS 
F~gures 2, 3 and 4 depict the experimental results for 
individuals of each group. The continuous record of selected 
temperatures was integrated over 10-minute periods. Each 
line is a plot of the 10-minute values for the turtle in-
dicated. 
In Figure 5 each line represents the mean selected 
temperature for all turtles run in the designated. group. 
F~gures 6, 7 and 8 show the mean activity for each 
group during the 24 hours spent in the gradient. Activity 
numbers were obtained by assigni~g one activity unit for 
each l.0°C change in selected temperature (Crawshaw, 197Sa). 
This designation is derived from the fact that any movement 
within the g!adient placed the turtle in water of a different 
temperature, therby altering the temperature at the surface 
of the carapace. In Figure 9 each line represents the mean 
thermal range within which activity took place. 
An increase of activity is not necessarily an indica-
tion of change in body temperature (Crawshaw, 1975a). This 
is illustrated by comparing the mean sele~ted tempeTatures 
of three groups at the arrow in figure 5 (14 hours, 10 
minutes elapsed time in. gradient) with the mean thermal 
ranges of these groups at the same elapsed time (arrow) in 
Figure 9. 
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The mean selected temperatures for the co~plete trials 
of individual turtles are listed in Table II. A comparison 
of these values indicates that the final thermal preferen-
dum for this species is probably between 31 and 33°C. Com-
parison of mean selected.temperatures (Figure 5) with mean 
activity in each group reveals that selection of a parti-
cular temperature in the gradient apparatus bears little re-
lationship to overall acitivty, a proposition strengthened 
by the apparent independence of temperature selection and 
light-induced activity. 
' Lastly, the behavior of cold-acclimated (3°C) ~urtles 
. . 
· failed to show any major differences when compared w:i th the 
'behavior of the other groups. 
I __ 
TABLE Il 
MEAN SELECTED TEMPERATURES OF INDIVIDUALS AND GROUPS 
GrouE I Mean Selected TemE· = 32.1 ~ 1.9 
Identification Group Mean Selected Temp., °C Std·. Dev. 
LZ - - I 29.3 4.7 
ET I 32.6 1.7 
EW I 33.1 2. 3· 
HC I 33.7 4.0 
AA I 30.2 5.1 
RF I 33.9 2.5 
GrouE II Mean Selected TemE. = 30.6 ! 1.6 
SP II 32.1 2.8 
DN II 30.0 5.5 
JE II 32.0 4.0 
EM II 26.0 3.0 
FY II 33.1 2.8 
N 
N 
TABLE I I (Continued). 
GrouE III Mean Selected TemE. = 31.3 :t 2.4 
Identification Group Mean Selected TemE. 2 °C 
LZ III 29.4 
ET. III 31. 3 
EW III 34.0 
HC III 30.7 
AA III 30.3 
RF III 32.9 
Probable Final Thermal Preferendum = 31-33°C 
Std. Dev. 
1. 9 
2.2 
3.0 
3.5 
3.5 
2.8 
N 
.tN 
IV. DISCUSSION 
Acclimation 
Initial gradient response by the Group I turtles (lab-
oratory acclimated) was similar to that later exhibited by 
I 
these same individuals after having been acclimated to 3°C 
(now experimentally designated as Group III). Further, the 
characteristic final selected temperature (PT) of Groups I 
and ill was no different from the PT of Group II. The at-
tainment of the final thermal preferendum of 31-33°C by 
Pseudemys sdripta eZegans, then, is very likely independent 
of previous thermal history. Comparable experimental re-
sults were obtained from the brown bullhead Iataiurus 
nebuZosus (Crawshaw, 197Sb), and from the lizard AnoZis 
aaroZinensis (Licht, 1968), although selection of the final 
thermal preferendum by bullheads was a much slower process, 
taking as long as 24 hours. This important difference may 
be explained by the fact that bullheads are water-breathers, 
the respiration of which is r~gulated by ·sensitivity of 
oxygen receptors in the respiratory control center. Air-
breathers' respiratory control, on the other hand, is re-
gulated largely by COz sensitivity. 
l 
Photoperiod, Activity And Thermotaxis 
Analysis of various taxic responses demonstrates the 
25 
relative thermal insignificance of. gradient activity levels, 
a result underscored by a lack of effect of activity on the 
final outcome of temperature selection. 
Response to initiation of the light phase in the photo-
period was clear (see Figures 2, 3 and 4), being character-
i ized by abruptly increased activity. This uniform1 and 
:lively response of deviation away.from pre-light selected 
. ! ~ 
I 
temperatures was .usually followed by a rapid 2 return to very 
nearly the same pre-light temperature. 
I 
l 
Similar relocation 
i ' ; 
occurred following large thermal deviation resulting' from 
l 
phobic disorientation (resulting from a typical escape re-
1 ' 
1
sponse after sighti~g human movement around the gr~d~ent). 
Homeostasis As A 'Function Of Adaptive Behavior 
.~ Thermal accuracy·, here demonstrated by positive thermo-
taxis, has' been reported in other species by Crawshaw and 
Hammel (1971, 1974). These investigators discussed the de-
pendency of the control of vertebrate behavioral thermore-
gulatory responses on peripheral and central inputs. This 
followed the earlier findings of Hammel, et ai (1967) 3 that 
1 Phototaxic response was second in regularity only to 
selection of the final thermal pref erendum. 
2 Thermal reorientation is one of the most striking features 
seen on the Omniscribe recordings of these trials, signi-
ficance of which, it is hoped, may provoke further research. 
3Cited in Heath, J. E., E. Gasdorf and R. G. Northcutt (1968 
(1968). "The Effect of Thermal Stimulation of Anterior 
Hypothalamus on Blood Pressure in the Turtle," Comp. Bio-
chem. Physiol. 26:509-518. 
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warmi~g (and cooli~g) of the preoptic hypothalamus caused 
an adjustment in the set points for behavioral thermore-
gulation. Neither study, however, investigated adjus~ments 
in acid-base status with cha~ges in brainstem temperature. 
It becomes apparent, then, that these neural inputs are only 
part of an overall int~grated set of thermoregulatory de-
vices operating, in concert with other chemical and physio-
logical mechanisms, to the best homeostatic advantage of 
the organism. 
The effect of temperature on ventilation in P. s. 
elegans was examined by Jackson (1971). It was found that, 
while oxygen consumption (Voz) increased with temperature, 
respiratory minute volume (~E) remained independent of 
temperature; as a consequence the VE to Vo 2 ratio varied 
inversely with temperature, an obvious exception to the 
presumption that pulmonary ventilation increases in pro-
portion to oxygen consumption. Jackson's findings indicate 
that homeostasis of acid-base status with respect to temper-
ature is achieved by respiratory adjustm~nt of arterial car-
bon dioxide partial pressure (Pacoz). In pursuing this 
further Jackson and his·colleagues ·(1974) confirmed the 
importance of·maintaining the relative alkalinity (OH-;H+ 
ratio) proposed by Rahn (1967). They thus demonstrated the 
influence of temperature on ventilatory control as the 
mechanism responsible for the inverse relationship between 
blood pH and temperature in turtles (Jackson, et al., 1974). 
27 
Jackson's· 1971 study m~kes possible, through use of his ex-
perimentally-obtained oxygen extraction coefficients, the 
determination that the amount of consumed oxygen (~p 2 ) by 
Pseudemys at temperatures now known to lie within the 
turtles' PT of 31-33°C is four times greater than at 10°C 
(Jackson," 1971). Further use of this information may be 
made after recalling that no ventilatory increases take 
place as temperature increases. The implication is that a 
more efficient extraction of oxygen occurs at the warmer 
temperatures. Efficiency seems to be further promoted by 
the fact that a decreased affinity of hemoglobin for oxygen 
at the relatively warm PT offers a consequent enhanced de-
livery of oxygen .to the tissues, but these apparent gains 
a!e probably offset by decreased loading of ·02 (Schmidt-
Nielsen, 1975; Jackson, 1971). 
V. CONCLUSION 
The final thermal preferendum ·of 31-33°C in Pseudemys 
saripta etegans is related to a variety of environmental 
and physiological factors. The dynamics of acid base re-
gula~ion in air ~reathing vertebrates may underlie the 
rapid atta~nment of the final thermal preferendum seen in 
this study.· 
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